A series of new five-to ten-membered organoselenium heterocycles can be readily prepared by the selenation of aromatic diols to give large ring diphosphorus species which undergo ring contraction and elimination of H 2 Se to give the corresponding small ring monophosphorus species by reaction with a second equivalent of aromatic diol. 
Introduction
Organoselenium heterocyclic compounds have attracted considerable interest in the past several decades due to their unique properties 1 and applications as potential pharmaceuticals, 2 new materials 3 as well as reagents and catalysts. 4 However, the synthesis of selenium-containing organic heterocycles is not always easy due to the inconvenience of typical selenium reagents such as H 2 Se, NaHSe, (Me 3 Si) 2 5 In recent years, WR has been becoming a very useful selenium source or selenation reagent in synthetic chemistry. 6, 7 As part of our studies aimed into the reactivity of WR towards different organic substrates, herein, we report the preparation of a series of novel five-to ten-membered phosphorus-selenium heterocycles from the selenation of aromatic diols by WR and seven X-ray crystal structures of the new heterocycles.
Results and Discussion

Heterocycles 1 -4 from the selenation of catechol or 2,3-dihydroxynaphthalene
Refluxing a toluene suspension of WR with one equivalent of catechol or 2,3-dihydroxynaphthalene for 7 h gave rise to seven-membered diphosphorus species PhP(Se)Se(Se)PPh(OC 6 H 4 O-1,2) (1) and PhP(Se)Se(Se)PPh (OC 10 H 6 O-2,3) (2) in 39% and 29% yield, along with five-membered monophosphorus species PhP(Se)(OC 6 H 4 O-1,2) (3) and PhP(Se)(OC 10 H 6 O-2,3) (4) in 42% and 53% yield (Scheme 1).
Scheme 1. Reaction of WR with equiv-molar of aromatic diol
Compound 3 and 4 can be obtained as the only separated product in 85% and 88% yield by reaction of WR with two equivalents of aromatic diol in refluxing toluene for 10 h (Scheme 2). Compound 3 has been prepared previously in ca. 30% isolated yield by the reaction of WR with two equivalents of catechol in toluene at 130ºC for 1 h. 8 The reaction is apparently time dependant, prolonged reaction time here has improved the product yield considerably.
Scheme 2. Reaction of WR with two equivalents of aromatic diol
Mechanistically, we propose that the reaction proceeds through a step-wise nucleophilic substitution in which the selenium bridge in WR is broken once or twice and the P-Se bonds are replaced by P-O bonds step by step. The driving force of the reaction lies in that P-O bond is much stronger than P-Se bond, and five membered-ring is more stable than seven-membered ring. Scheme 3 illustrates the process through electron push and proton transfer. First, one of the hydroxyl group of the diol attacks one of the phosphorus centres of WR to afford the unstable zwitterion A. and monophosphorus species (3 and 4) form even though the reactants are in 1 : 1 molar ratio.
Scheme 3. Possible mechanism of the formation of heterocycles 1 -4
To confirm at least one aspect of the mechanism, the isolated diphosphorus species 1 and 2 were reacted with another equivalent of corresponding aromatic diol (Scheme 4). The monophosphorus species 3 or 4 formed in almost quantitative yields (98% and 99%) in this way.
Scheme 4. Ring contraction of diphosphorus species into monophosphorus species
The release of H 2 Se in the above reactions was observed in the bubbler (the formation of dark Se due to the decomposition of the H 2 Se) which connects the N 2 line and the top of the condenser and could be trapped by sodium hydroxide as sodium selenate after the bubbler.
The characterisation of 3 has been reported previously. 8 The proposed structures of 1, 2 and 4 are based on their microanalysis, 1 H, 13 Reaction of WR with one molar equivalent of 1,1'-methylenedi-2-naphthol in the refluxing toluene gave the expected ten-membered diphosphorus species 5 (51% isolated yield) and eight-membered monophosphorus 6 species 6 (31% isolated yield), but surprisingly, another six-membered monophosphorus species 7 was isolated in 12% yield (Scheme 5).
Scheme 5.
Reaction of WR with one equivalent of 1,1'-methylenedi-2-naphthol
Treating WR with two equivalents of 1,1'-methylenedi-2-naphthol in refluxing toluene generated only two isolable products, eight-membered monophosphorus species 6 and six-membered monophosphorus species 7
in 62%, and 15% yield (Scheme 6).
Scheme 6. Reaction of WR with two equivalents of 1,1'-methylenedi-2-naphthol Apparently, compound 6 is the ring contraction product of compound 5, following a similar mechanism to that described in Scheme 3. Due to the relative labiliity of the methylene between the two naphthalene groups and the large ring size of ten-membered diphosphorus species 5, the six-membered monophosphorus species 7 might be formed by decomposition of diphosphorus species 5, driven by the stability of the six-membered ring, although the extrusion of a naphthalyne seems quite surprising (Scheme 7).
Scheme 7.
Possible formation of monophosphorus species 5 from diphosphorus species 7
The similar reaction of WR with two equivalents of 2,2'-methylenebis (4-chlorophenol) (4-chlorophenol) to afford compound 9. The ten-membered diphosphorus species 10 could be the hydrolysis product of 8 during column chromatography, which was performed with no special exclusion of air and the silica was not dried (Scheme 8).
Scheme 8. Reaction of WR with two equivalents of 2,2'-methylenebis(4-chlorophenol)
Compounds 5 -7, 9 and 10 are soluble in common chlorinated solvents and air stable for several months as solids. Their formulations were ascertained by IR, MS (including accurate mass measurement), solution multinuclear NMR spectroscopy and in most cases additionally by single crystal X-ray structure determination. The 31 P NMR spectra of 5 and 7 exhibit sharp singlets at δ = 75.5 and 85.3 ppm, respectively, which are flanked by two sets of satellites for the endocyclic and exocyclic selenium atoms (J(P,Se endo ) and J(P,Se exo ): 468 and 855
Hz for 5, 434 and 857 Hz for 7), thus indicating the presence of single P-Se bonds and double P=Se bonds in each compound. Meanwhile, the 31 P NMR spectra of 6, 9 and 10 display sharp singlets at δ = 88.7, 90.3 and 76.8 ppm, respectively, which are accompanied by single set of satellites for the exocyclic selenium atoms (J(P,Se exo ): 923 Hz for 6, 920 Hz for 9, and 954 Hz for 10), indicating only double P=Se bonds present in each compound. The 77 Se NMR spectra for 5 and 7 contain signals arising from exocyclic selenium atoms (δ = 57.8 and 9.6 ppm; J(P,Se exo ) = 856 and 856 Hz, respectively) and endocyclic selenium atoms (δ = 414.5 and 367.5 ppm; J(P,Se endo ) = 468 and 434 Hz, respectively). The 77 Se NMR spectra for 6, 9 and 10 show doublets due to the exocyclic selenium atoms (δ = -222.0, -251.5 and -164.3 ppm; J(P,Se exo ) = 923, 924 and 954 Hz, respectively).
X-ray structures of 1, 2, 4, 5, 7, 9 and 10
Compounds 1, 2 and 4 were crystallized from dichloromethane solutions with slow diffusion of hexane to give transparent, colorless, cubic crystals. The compounds are stable to air and moisture for several months. The Xray structures of 1, 2 and 4 ( Figures 1 -3 ) confirm the presence of the five-, and seven-membered rings. The structures of 1 and 2 are best described as boat conformation with two phosphorus atoms at the stern and prow positions, in 1 and 2 the P 2 O 2 mean plane is inclined by 61.9(2) and 79.2(1)°, respectively with respect to the P 2 C 2 plane. The two phenyl rings attached to phosphorus atoms are almost parallel and, in contrast to previous structures, in both 1 and 2 the exocyclic P=Se groups are almost coplanar with the P-Se-P backbone (the Se=P…P=Se plane is inclined by only 22.96 (3) and 21.99 (1)° with respect to the P-Se-P plane in 1 and 2 respectively). The structure of 4 has a different motif compared to the above structures. The five-membered O-P-O-C-C is co-planar with the naphthalene ring, whilst the phenyl ring and exocyclic selenium atoms lie on opposite sides of the heterocyclic ring. The internal P-Se bond lengths (single bond, 2.2507(10), 2.2635(9) A° for 1, and 2.2496(11), 2.2496(11) A° for 2) and the exocyclic P=Se double bond distances (2.0820 (9) and 2.0735(10) A° for 1, 2.0771(11) and 2.0771(11) A° for 2) are similar to those in other compounds which contain the P(Se)(µ-Se) unit. [8] [9] [10] The geometry around the phosphorus atoms in 1 and 2 [Se(1)-P(1)-Se (2) 108.42(3)° and Se (2) (2) 106.52(5)° for 2] are distorted from ideal tetrahedral geometry due to steric effects of the phenyl groups. 8 The transannular P…P bond distances are 3.54 and 3.52 Å for 1 and 2, respectively, being marginally longer than those observed in the four-membered P 2 Se 2 ring system (3.1 Å) and considerably shorter than those measured in a six-membered P 2 Se 4 ring system (4.3 Å). 11 However, the exocyclic P-Se exo bond distance (2.0547 (10) (1) 2.0820 (9), P(1)-Se (2) 2.2507(10), P(2)-Se (2) 2.2635(9), P(2)-Se (3) 2.0735 (10), onto opposite sides of the P-Se-P group whereas the P=Se groups in 10 are approximately on the same side of the P-O-P unit. The structure of 7 is best described as a boat conformation consisting of a highly puckered six-membered C 3 OPSe ring with the naphthalene ring and phenyl ring being in opposite positions and being inclined by 74.1°. In the crystal 5 adopts a less symmetric conformation with a highly puckered C 5 O 2 P 2 Se ring, leading to two naphthalene rings being in nearly vertical position (89.7°) and an angle of 53.0° for two phenyl rings. The C 5 O 2 P ring in 9 is also highly puckered but has approximate molecular C 2 symmetry, resulting in two phenyl rings being bent towards the same face of the molecule with an inter-ring angle of 58.7° and an overall appearance which is reminiscent of a Klingon 'Bird of Prey' warship. The structure of 10 is similar to 5 with a less symmetric conformation along with a highly puckered C 5 O 2 P 2 O ring, three phenyl rings being towards the same side above the new ring. The exocyclic P=Se double bond distances [2.0781(14) A° for 7, 2.0836 (12) compounds which contain the P(Se)(µ-Se) unit. 7, 8, 12, 13 and those in compounds 1 and 2. The geometry around P [Se (1) Table 2 . Details of the x-ray data collections and refinements for 5, 7, 9 and 10 
Experimental Section
Unless otherwise stated, all reactions were carried out under on oxygen free nitrogen atmosphere using predried solvents and standard Schlenk techniques, while subsequent chromatographic and work up procedures were performed in air. X-ray crystal data for compounds 2 and 4 were collected at 93 K by using a Rigaku MM007 High brilliance RA generator/confocal optics and Mercury CCD system. Data for 1, 5, 7, 9 and 10 were collected using the St Andrews Robotic diffractometer (Saturn724 CCD) at 125 K with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 14, 15 Intensity data were collected using ω steps accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects. Absorption effects were corrected on the basis of multiple equivalent reflections or by semi-empirical methods. Structures were solved by direct methods and refined by full-matrix least-squares against F 2 by using the program SHELXL. 16 Hydrogen atoms were assigned riding isotropic displacement parameters and constrained to idealized geometries. CCDC 761969 -761975 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk.
Reaction of WR with equimolar aromatic diol (A):
A suspension of WR (0.54 g, 1.0 mmol) with aromatic diol (1.0 mmol) in 20 mL of toluene was refluxed for 7 h, during which time the dark red suspension became a yellow solution with some grey precipitate of elemental selenium. Upon cooling to room temperature the solvent was removed in vacuo, the crude residue extracted into dichloromethane (5 mL) and purified by column chromatography (1:9 ethyl acetate/toluene as eluent) to give compounds 1 and 2, and compounds 3 and 4.
Reaction of WR with two molar equivalents of aromatic diol (B):
A solution of WR (0.54 g, 1.0 mmol) with aromatic diol (2.0 mmol) in 20 mL of toluene was refluxed for 10 h, during which time the dark red suspension became a yellow solution with some grey precipitate of elemental selenium. Upon cooling to room temperature the solvent was removed in vacuo, the crude residue extracted into dichloromethane (5 mL) and purified by column chromatography (1:9 ethyl acetate/toluene as eluent) to give compounds 3 and 4.
Reaction of 1 or 2 with equi-molar of the corresponding aromatic diol (C): A mixture of 1 or 2 (1.0 mmol) with aromatic diol (1.0 mmol) in 20 mL of toluene was refluxed for 7 h. Upon cooling to room temperature the solvent was removed in vacuo, the crude residue extracted into dichloromethane (5 mL) and purified by column chromatography (1:9 ethyl acetate/toluene as eluent) to give compounds 3 and 4. 7.56 (m, 4H, ArH), 6H, ArH), 4H, ArH) ppm. 13 C NMR (CDCl 3 , ), 133. 7, 132.7, 130.2, 130.1, 130.0, 128.5, 128.3, 127.8, 124.3 5, 144.3, 132.9, 130.0, 129.9, 128.5, 127.9, 127.2, 121.9 ppm . 5, 128.8 (d, J(P, C) = 15.6 Hz), 127.6, 125.9, 109.9, 108.9. 31 
Synthesis of 5 -7.
A mixture of 1,1'-methylenedi-2-naphthol (1.0 or 2.0 mmol) and WR (0.54g, 1.0 mmol) in 20 mL of toluene was refluxed for 7 h. The red suspension disappeared and a pale green solution was formed.
Upon cooling to room temperature and removing solvent in vacuum, the residue was purified by silica gel chromatography column (eluent by 50/50 hexane/dichloromethane) to give compounds 5, 6 and 7. Only compounds 6 and 7 were obtained in the case of the ratio of WR : diol = 1 : 2. 8, 133.8, 132.8, 132.0, 131.6, 131.4, 129.8, 129.4, 128.9, 128.7, 128.5, 127.8, 127.6, 126.7, 126.5, 126.4, 125.6, 124.7, 124.4, 123.6, 123.2, 123.0, 121.2, 120.2, 118.5, 118.1, 117.9, 117.7, 109.4, 21.5 9, 132.3, 132.0, 130.6, 130.4, 129.0, 128.9, 128.4, 127.3, 126.9, 125.5, 124.4, 123.7, 122.4, 121.3, 121.2, 117.8, 111.2, 22.4 9, 132.1, 130.9, 130.7, 130.6, 130.5, 129.6, 129.0, 128.8, 127.4, 125.5, 123.7, 122.7, 121.3, 25.3 Synthesis of 9 and 10. A mixture of 2,2'-methylenebis(4-chlorophenol) (0.54g, 2.0 mmol) and WR (0.54g, 1.0 mmol) in 20 mL of toluene was refluxed for 7 h. The red suspension disappeared and a pale green solution was formed. Upon cooling to room temperature and removing solvent the residue was purified by silica gel to give compounds 9 (eluent by 50:50 hexane/dichloromethane) and 10 (eluent by dichloromethane). 5, 133.5, 131.1, 131.0, 130.7, 130.6, 130.5, 128.9, 128.8, 128.7, 127.9, 122.7, 30.6 
